Summary: The multiple injection [150]water method of fers unique opportunities for studying cognitive process ing by the human brain. The influence of the duration and temporal placement of an activation task, in relation to the arrival of the radiotracer in the brain, is a fundamental methodologic question for cognitive activation studies. A quantitative positron emission tomography (PET) study of five normal volunteers was performed in which the stimulation consisted of a visual activation task (alternat ing checkerboard pattern) superimposed on an auditory baseline task (syllable monitoring). Ten injection condi tions, with varying duration and timing of the visual ac tivation, were used. Regional CBF (rCBF) in visual cor tex was measured quantitatively using the autoradio graphic method. A 20-s stimulation, centered on the bolus Numerous studies over the past decade have demonstrated the power of the multiple injection [ISO]water positron emission tomography (PET) technique to map cognitive operations in the human brain (Raichle et aI., 1983; Herscovitch et aI., 1983; Koeppe et aI., 1985; Fox et aI., 1986 Fox et aI., , 1988 Reiman et aI., 1986; Petersen et aI., 1988; Fristan et aI., 1991; Sergent et al., 1992; Squire et al., 1992; Talbot et aI., 1991; Zatorre et aI., 1992). Beginning with the earliest studies of visual discrimination, this method has now been used to explore cognitive processes involved in the perception and production of lan guage, the experience of pain, the mechanisms of Abbreviations used: ANOV A, analysis of variance; MR, magnetic resonance; PET, positron emission tomography; rCBF, regional CBF; ROI, region of interests; SIN, signal-to noise.
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anxiety, and the nature of memory. The ability to assess regional cerebral blood flow (rCBF) changes associated with cognitive activity is dependent on the temporal resolution of neuroimaging tech niques. The major advantage of the PET eSO]water method over other methods (e.g., eSF]fluorode oxyglucose) is the relatively short period of time required for image acquisition. The assumptions un derlying eSO]water studies have been extensively reviewed in the literature (Ginsberg et aI., 1982; Koeppe et aI., 1985 Koeppe et aI., , 1987 Herscovitch et aI., 1983; Raichle et aI., 1983 ). The autoradiographic model assumes homogeneous flow ("temporal homogene ity") over the entire interval from the injection of the radiotracer bolus through the end of data acqui sition (Koeppe et aI., 1987; Alpert, 1991) . This as sumption has led investigators to design studies with activation tasks that typically extend from well before the injection to the end of the acquisition phase. Images are typically integrated over a 40-120-s period. Kanno et al. (1991) have explored issues of stim-ulus delivery and acquisition duration and have sug gested that a longer acquisition time (i.e., 90-120 s) optimizes the signal-to-noise ratio of the image by reducing the errors from dispersion and temporal shifts in the input function. Such long activation intervals appear to work when simple sensory stim ulation tasks are used and when subjects can be expected to produce a constant number of re sponses at a constant performance level throughout the 40-120-s interval. However, for studies of many aspects of human cognitive and emotion, these rel atively long activation periods may be less than op timal. In addition, activation periods of long dura tion may be inappropriate for the study of cognitive processes in individuals in whom attentiveness to the task may be compromised because of various cerebral disorders. Volkow et al. (1991) have explored this issue in a qualitative PET study in which they varied the du ration of the stimulation using stroboscopic light. They examined the effect of various stimulation in tervals on relative rCBF, defined as the average of the radiotracer concentration in the region-of interest (ROI) divided by the average radiotracer concentration in the three central slices. Images ac quired with the stimulation occurring during the up take phase only (defined as the initial 30-35 s post bolus arrival in brain) exhibited the largest change in the relative rCBF when compared with observed changes in images acquired with the stimulation limited to the washout phase only (defined as the 40 s post-peak brain activity). Intermediate changes in the relative rCBF occurred when the stimulation was continued throughout both the uptake and washout time periods. Their results indicated that the percent change in relative rCBF is maximized when stimulation is limited to the tracer uptake in terval and image acquisition coincides with the up take interval.
Recently Cherry et al. (1993) have presented a novel activation protocol to deal with the signal-to noise (SIN) problem associated with increasing ac quisition times. This protocol utilizes the presenta tion of the activation task during the washout inter val in the baseline condition. In the activation condition, stimulation is terminated at the point in time when the count statistics peak. By contrast, in the baseline or reference condition, stimulation is introduced at the time when stimulation is termi nated in the activation condition. In the activation condition, the regional tracer clearance is reduced during washout, which results in an increase in the count rate. In the reference condition, the increased flow during washout will reduce the number of counts recorded. Thus, the signal is maximized in J Cereb Blood Flow Metab, Vol. 14, No.3. 1994 the subtracted image. Cherry et al. (1993) demon strated both simulation data and PET data that this protocol permits the use of longer acquisition times without the typical decrement in SIN.
In order to further explore the influence of the temporal window of activation on the [1 5 0]water measurement of cerebral blood flow, a quantitative PET study was undertaken. The purpose of this study was to determine whether the duration of stimulus presentation could be reduced to intervals as short as 20 s. Because varying the duration and timing of the activation task technically violates the temporal homogeneity assumption of the autorad iographic model, a simulation was formulated to mathematically evaluate the potential influence of these variations.
METHODS

Subjects
Five healthy volunteers (4 men and 1 woman) were screened using an abbreviated version of the Comprehen sive Assessment of Symptoms and History (CASH; An dreasen et al., 1992a) to rule out any history of neurologic or psychiatric disorder, including substance abuse. All of the subjects were right handed and were screened for normal visual acuity and normal hearing thresholds. The mean age of the subjects was 25.6, with a range from 20 to 37 years. The mean number of years of education was 15.2, with a range from 14 to 16. All subjects gave in formed consent and were paid for their participation.
PET data acquisition
Under local anesthesia, a 20-gauge arterial catheter was placed in the radial artery of the non dominant arm and a 20-gauge venous catheter was placed in the antecubital vein of the dominant arm. The subjects were positioned in the PET scanner (OE-4096 PLUS; 15 slices with 6.6 mm in plane resolution, 10 cm axial field of view, 6 mm full width half max with laser light guides (indicating the cen ter of slice 1) aligned at the orbitomeatal line. The head was immobilized by being taped to a rigid plastic head holder. Transmission images (containing a minimum of 4-5 x 106 counts/slice), used for attenuation correction of the emission images, were obtained using a rotating rod source of 680e (5 mCi).
In order to familiarize the subject with the study envi ronment and to minimize anxiety-induced changes in rCBF, a "sham" injection was performed. The sham con sisted of the execution of all components of the study (e.g., cognitive activation tasks, arterial and venous line flushes, blood sampling pedals activated, scanner acqui sition sequence activated) by both the subject and PET Center personnel, except for the injection of the radioac tive dose and the drawing of arterial blood samples.
The subject was then given a series of cognitive acti vation tasks, as described below, that commenced at var ious times relative to the [lSO]water injection. At time t = 0, a bolus injection of 75 mCi of PSO]water in 5-7 ml saline was administered through the venous catheter and was immediately followed by a 20-ml saline flush (total injection time = 9 s). Image acquisition was initiated via foot pedal at the time of injection (t = 0) and continued for 100 s. Integrated arterial blood sampling was also ini-tiated at t = 0 and consisted of allowing the blood to flow (0.5-1.0 m1l5-6 s) into 20 previously labeled and weighed 1.5-ml microcentrifuge tubes. There was no interruption in blood sampling over the lOO-s collection interval. The tubing between the artery and the sample collection tube was short (�12") and had only one in-line valve. The flow rate was �7.5-lO mllmin. The time at which the catheter was advanced to each new tube was the "draw time" marker recorded via a foot pedal on the computer. The discrete blood samples were capped and weighed imme diately following image acquisition. Radioactivity was measured in a' 3 x 3" sodium iodide crystal well counter. All blood radioactivity measurements were deadtime and decay corrected (half-life 150 = 122 s) to account for the time differential between drawing the sample and count measurement, as well as the difference between the time of arrival in the brain and the radial artery. Before con volving the blood information with the exponential func tion to create a look-up table (see Eqs. 1 and 2 and ac companying discussion), the blood values were converted to every-second values by cubic spline interpolation, and from detector counts to PET counts based on a previ ously determined calibration factor (i.e., ratio of well counter counts to PET scanner counts). Bolus arrival time was determined by the time on the slice rates mon itor (i.e., total coincidence counts per ring) or "rates" file when the total rate for any one slice exceeded 400 ct/s. This threshold was selected because it represents four times the maximum per slice background encountered in a [ISO]water study. The average time difference between the injection and the arrival time in the brain was 16.5 s (SD = 2.3 s). Arrival time at the radial artery was defined as the time when the interpolated curve crossed a thresh old of � 1 ,000 ct ml-I s -I.
Given the use of integrated samples with a well-mixed wave front, significant external dispersion was not ex pected. As such, no correction for external dispersion was made. Meyer (1989) , utilizing a similar setup, re ported negligible external dispersion.
Injections were repeated at � 15-min intervals, a time sufficient for eSO]water activity to decay to background levels. The subject was repositioned using the laser align ment lights between injections when necessary. Reposi tioning precision was to within ±2 mm (i.e., the thickness of the laser light).
Imaging consisted of ten lO-s frames. To determine the course of bolus transit on arrival in the brain, time activity curves (TAC) were generated for ROIs placed over major vessels within the brain. Major vessels were identified by visual inspection of very early frames within the imaging sequence. On the first frame of discernable activity, ROIs were drawn encircling the "intravascular" activity bilaterally on an inferior slice (i.e., slices 1-4). The four frames (10 s/frame) that represent the first 40 s immediately post-bolus transit were summed to make a composite 40-s integrated [150] water image. The mini mum time difference between the arrival of the bolus in the brain and the start of scan integration was lO s. The 40-s summed image was reconstructed into 2-mm pixels in a 128 x 128 matrix using a Butterworth filter (order = 6, cut-off frequency = 0.35 x Nyquist). The resolution of the reconstructed image was 8 mm.
For a single, static image acquired, the following equa tion describes activity in the tissue (Ginsberg et aI., 1982; Herscovitch et aI., 1983; Howard et aI., 1983; Koeppe et aI., 1987; Kanno et aI., 1987) : (1) where Ct(t) = time-varying radioactivity concentration (counts/voxel) in tissue; Ca(t) = time-varying radioactiv ity concentration (counts s -I ml-1 ) in arterial blood; j = local mass-specific blood flow (ml of blood min -I 100 g-I tissue); p = tissue-blood partition coefficient for water; A = decay constant for 150; and Q9 = convolution. Because PET images are not instantaneous count rates (i.e., counts acquired over an infinitesimally small period of time), but rather are the counts determined over a finite period of time (e.g., seconds), the determined count rate values are represented by the integral over the scanning interval (t = T I -T2). By assuming a fixed value of the tissue-blood partition coefficient, p, the equation: has only one unknown, j, which can be estimated by us ing a look-up table approach (Koeppe et aI., 1987) . Ap plication of Eq. (2) dictates that a single flow value, 1, must be operational for the entire data acquisition se quence (time = 0 to T with T > T2). Using the above described image, arterial blood curves, and an assumed brain partition coefficient of 0.90, the CBF (in units of ml min -I 100 g -1 tissue) was calculated on a pixel-by-pixel basis from a look-up table derived from Eq. (2).
Magnetic resonance data acquisition
MR scans were obtained for all subjects using a 1.5-T GE Signa scanner. Scanning parameters were: echo time = 5, repitition time = 24, number of excitations = 2, field of view = 26, slice plane = coronal, matrix = 256
x 192, slice thickness = 1.5 mm, slice number = 124, and acquisition mode = spoiled gradient acquisition in a steady state, with additional anterior saturation pulses.
Activation tasks
Five different activation conditions were presented. Every condition included an auditory monitoring task that served as a background task. In some conditions, a visual display of an alternating checkerboard was also presented. The intent of the auditory task was to provide a stable activation background against which rCBF changes due to the visual stimulation could be assessed. The auditory activation consisted of a binaural nonsense syllable detection task. Subjects listened to a series of seven nonsense syllables followed by a tone, after which they had to indicate whether the target syllable "dak" had appeared in the sequence. The subjects responded manually using a two-position slide switch with the thumb of their right hand. The syllables were natural consonant vowel-consonant (CVC) tokens which had been digitally edited so that they were of identical length and amplitude. The tokens were presented via insert earphones (Ety motic-E3A) with an interstimulus interval of 300 ms. The auditory activation task commenced 90 s before injection of the bolus and continued throughout the acquisition phase.
The alternating black and white checkerboard pattern was presented on a video monitor positioned 34 cm above the subject's head. The display subtended a visual angle of 28 x 26° and alternated at 0.98 Hz. Each element of the checkerboard subtended a visual angle of 3.4°. The timing of onset and duration of this stimulation was varied in order to determine the effect on measured reBF. The checkerboard pattern was displayed for either 20 or 100 s, with the onset time set at either -30, -10, or + 10 s rela tive to the arrival of the bolus in the brain, as determined from the rates files for each individual (see PET Data Acquisition above). (e) auditory monitoring combined with a 100-s checker board stimulus beginning 30 s before bolus arrival. The conditions were presented to all subjects in the same pseudorandom order with the baseline always being the first condition presented. To assess reliability, these five conditions were repeated a second time in a different order with the baseline presented as the last condition; thus each study consisted of ten injections.
Image analysis techniques
MR and PET data sets were processed utilizing locally developed software (Andreasen et aI., 1992b) , on a Sili con Graphics Indigo workstation. The MR data sets were volume/surface rendered and then resampled to standard ize head position across all subjects, using the anterior commissure-posterior commissure (ACPC) line as the transaxial alignment plane, and the interhemispheric fis sure as the coronal alignment plane (Andreasen et aI., 1993) . The resampled MR data were registered on each individual PET data set using an adaptation of the surface fit or HAT-N-HEAD method developed by Pelizzari (Levin et al., 1988 (Levin et al., , 1989 . Figure 1 presents an example of an image from a single PET activation registered to the subject's MR image. Utilizing the condition with the high est activity, functionally defined ROIs (Fox and Raichle, 1984) were drawn on the PET images on the three slices that included the striate cortex. A ROI was drawn on each of these slices corresponding to the area of peak activation. These ROIs were then superimposed on the corresponding slices of the remaining conditions. In this way, flow values were obtained from comparably sized ROIs across all conditions.
RESULTS
PET data
All five subjects showed the same pattern of activation of the occipital cortex across the five conditions. Figure 2 presents flow images of one trans axial PET slice, at the level of the calcarine fissure, for one repetition of each of the five conditions for a representative subject.
A randomized block factorial analysis of variance with two within-subject factors (five condition levels and two repetition levels) was performed on the functionally de fined ROI flow values (Kirk, 1968) . Table 1 df = 1,33) . Conditions c and e were also sig nificantly different from each other (F = 6.66; p < 0.015; df = 1,33). These results indicate that the only conditions which produced a statistically significant activation of vi sual cortex were conditions c and e in which the visual stimulation temporally overlapped bolus arrival in the brain. The shorter visual stimulation (condition c) and the longer visual stimulation (condition e) showed increases in rCBF of 39 and 22% over the baseline task (condition a). These increases in rCBF are consistent with the values reported by Fox and Raichle (1984) for alternating check erboard patterns.
To determine whether the increased variance associ ated with condition c was significant, a t test of dependent variances (Kirk, 1978) was performed. No significant dif ference was obtained for the comparison of the variance in the baseline condition and condition c (t = 1.88; p > 0.1; df = 6). To further assess the effect of variance dif ferences, the original analysis of variance (ANOV A) was run on the log-transformed flow values. This analysis yielded identical results to those obtained with the un transformed data.
Simulation
Using a measured input function from one subject (in jection I) a numerical integration was performed in which the discontinuities of flow, assumed by the limited stim ulation intervals in the PET study, were modeled. The shape of the input function was representative of the in put functions for all subjects and all injections. MUltiple runs of the simulation using input functions from different individuals yielded the same pattern of results. Table 2 illustrates the effect of an increase in flow of either 22 or 50% introduced at the time of injection and maintained for intervals of increasing length. The calcu lated flows are no different from the unaltered baseline flow rate for short intervals in which the flow returns to initial baseline flow before the bolus arrives at the brain. The calculated flow values increase as the interval in creases in length. The values reach a peak for the interval including the 20 s that follow the bolus arrival. For longer intervals no significant change in flow is observed. Table 3 compares the effect of a 20-s increase in flow as a function of the onset time of the flow step relative to the time of injection. Intervals that do not significantly over lap with the peak of the bolus in the brain (20 s post- 
DISCUSSION
This study has examined the effects of varying the temporal properties of the activation window on the measurement of rCBF from two perspectives: experimental PET data and simulated PET data. Both these perspectives converge at the conclusion that, at least for some types of activation, the tem poral activation window may be shortened if that window is centered on or overlaps with the time of bolus arrival in the brain.
The design of the PET study, in which all condi tions were repeated within individuals, permits an assessment of reliability. The stability of rCBF across subjects and repetitions, for both high flow (e.g., condition c) and low flow (e.g., condition a) conditions, is apparent in the PET images as well as in the statistical analysis of the calculated flow val ues. The consistency of the findings permits explo ration of the effect of the duration and temporal placement of the visual checkerboard activation on mean blood flow in the occipital cortex .
Tasks in which subjects were stimulated for only 20 s produced a pattern of activation in visual cor tex similar to that obtained in longer stimulation conditions when those tasks were temporally cen tered on the bolus arrival time (e.g., when stimula tion starts 10 s before bolus arrival and continues for 10 s after bolus arrival). There was a significant difference between activating tasks of 20-and 100-s duration (conditions c and e; Table 1 and Fig. 3) , with the former giving higher estimates of flow. Likewise, in the simulation, maximal apparent flows were obtained when the stimulation interval of 20 s was centered on the bolus arrival (Tables 2  and 3 ).
In the PET study, when the stimulation interval terminated before, or commenced after, the bolus arrival in the brain, no increase in activity over baseline was seen in the visual cortex (conditions b and d; Table 1 , Fig. 3 ). Simulated flow intervals that terminate before or begin 20 s after bolus arrival also show negligible increases over baseline flow (Tables 2 and 3 ). The increased flow associated with a 20-s stimulation centered on the bolus arrival in the PET data is paralleled in the results of the nu merical simulation.
These findings from the simulation and the PET study, utilizing quantitative flow measures, are con sistent with the qualitative PET findings of Volkow et al. (1991) . Their findings suggested that contin ued activation throughout the washout phase would yield increased clearance of the tracer in activated areas, which would be reflected in a decrease in calculated flow. If cessation of an activation task causes a change in regional flow (i.e., decreased flow), then larger amounts of the tracer will remain in the tissue of the activated ROI and potentially yield slightly higher estimates of rCBF. The proto col proposed by Cherry et al. (1993) takes such tracer kinetics into account and may yield a clearer identification of activation effects. The small reduc- The quantitative PET data, as well as the simu lation data, suggest that the requirement of tempo rally homogeneous flow applies to relatively short time intervals centered on the time of bolus arrival in the brain. This finding is of particular relevance to the use of e 5 0]water PET for the study of cog nitive processes whose time course is fairly short, such as tasks involving comprehension and produc tion of language, learning, and memory. In the latter tasks, the well-established limits on short term memory (7 ± 2 items), as well as on verbatim recall of unrelated items in long-term memory (typically 15-18 items), would preclude the use of the typical PET study activation intervals, which last from 100 to 120 s. Recent findings using echo planar MR im aging (Belliveau et al. 1993 ) have been able to track discrete parenchyma activity on the order of 1-2 s in an alternating sensory stimulation paradigm. Thus the temporal placement of the cognitive acti vation task is critical given the fairly rapid response of the vascular system.
The generalization of the findings from the simu lation and the PET study using sensory/perceptual stimulation to the study of more complex cognitive processes require further study. The reproducibility of the results (i.e., the absence of repetition effects in the ANOV A) is encouraging because it suggests that at least simple activation tasks have reliable effects on rCBF. If supported by similar studies us ing more complex cognitive activation tasks (e.g., language and memory tasks), these results suggest that it may be possible to use PET to study short neuropsychologic events, thereby expanding the range of cognitive processes that can be studied. Furthermore, a shorter task duration enhances the feasibility of using PET to study cognitive distur bances in individuals with clinical pathology (e.g., schizophrenia, dementia) that limit their ability to attend and stay on task. Such inattentive subjects may engage in "other" cognitions during unstimu lated periods that might alter flow during the wash out period and thereby affect the count statistics. The ability to use shorter activation tasks may en hance the feasibility of studying psychopathologic 20 s increase in flow timing relative to time of injection (s) processes of short duration, such as auditory hallu cinations or disorganized speech.
